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1. Introduction
Nanocomposites show properties different from
bulk polymers because of the small size of the filler
and the corresponding increase in the surface area
[1–7]. It is well known that the composite proper-
ties can change dramatically with the dispersion
state, geometric shape, surface properties, particle
size, and particle size distribution. Because of the
recent commercial availability of nanoparticles,
there is an increasing interest in polymer nanocom-
posites. These composites exhibit substantial
improvements in their mechanical properties, such
as the strength, modulus, and dimensional stability,
permeability to gases, water and hydrocarbons,
thermal stability, flame retardancy, chemical resist-
ance, and electrical, dielectric, magnetic and optical
properties [8–15].
The effect of the nanofillers in polymer composites
on the glass transition (Tg) and the relaxation
behaviour of the polymer matrix has been studied
for different filler-resin composites. In some cases
an increase in Tg is reported in literature [2–4, 7],
but the opposite result is also possible [5]. An ini-
tial decrease in Tg followed by an increase, at
higher filler loadings, was observed in epoxy/car-
bon nanotubes composites [11]. In many cases, the
amount, the dispersion and the surface conditions
of the nanoparticles play important role in the
changes in Tg and the mechanical properties of the
nanocomposites [2, 6, 7].
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In epoxy nanocomposites (generally in thermoset
nanocomposites) there is an additional difficulty, as
compared to thermoplastic nanocomposites. The
conditions of the nanocomposites curing (and con-
sequently the results of it) are usually different
from those of the pure epoxy, due to the participa-
tion of the nanoparticles on the crosslinking mecha-
nism [16].
Epoxy resins are electrical insulators. In order to
dissipate electrostatic charges and to prepare mate-
rials with antistatic properties conductive nanopar-
ticles such as carbon are dispersed in the polymer
matrix [17]. Conductive filler – insulating polymer
composites become conductors when the filler con-
tent reaches a critical value and their electrical con-
ductivity show a sharp increase (percolation
threshold). Balancing electrical conductivity with
desirable mechanical behavior is one of the largest
challenges for the use of filled polymer nanocom-
posites in various applications.
In this work we focus on the effect of both the cur-
ing procedure and the filler content, on the glass
transition and the electrical and mechanical behav-
iour of the system.
2. Experimental
2.1. Materials
The pre-polymer D.E.R.332 used in this study is
diglycidyl ether of bisphenol A (DGEBA) supplied
by Fluka SA, U.S.A. The hardener used was trieth-
ylenetetramine (TETA) supplied by Sigma Aldrich,
U.S.A. The extra conductive carbon black (particle
size 25–75 nm) was obtained from Degussa, Ger-
many; the typical values of the materials properties
are presented in Table 1. All the components of the
system are commercial products and were used
without purification.
2.2. Sample preparation and methods
2.2.1. Sample preparation
The DGEBA/TETA/CB nanocomposites were pre-
pared by the dispersion of the determined amount
of CB in a glass vessel. Prior to that procedure, the
pre-polymer was heated at 40°C in order to decrease
the viscosity. The stoichiometric amount of TETA
was added to the DGEBA matrix, and then the mix-
ture was mechanically stirred for 1 h at 2000 rpm
and degassed under vacuum for 15 min. Finally, the
mixture was sonicated for 30 min in order to break
up the CB agglomerates [1] and degassed again.
The homogeneous liquid was poured in rectangular
shaped Teflon molds and the samples were cured at
60°C for 20 h. Some of the samples were subjected
to a post-curing procedure at 150°C for 2 h.
The amount of the hardener in the material is 14 phr
(per hundred resin) corresponding to the stoichio-
metric ratio for complete curing of the resin. Seven
series of specimens were produced, each one with
different filler content, starting from 0% filler (pure
resin), 0.05, 0.1, 0.5, 0.7, 1 and 2% w/w.
2.2.2. Wide angle X-ray scattering
Wide angle X-ray diffraction (WAXD) data were
collected in the range of 2θ from 5 to 65° by a
Philips PW1965/20 powder diffractometer, with
Bragg-Brentano (θ, 2θ) geometry, using non-
monochromated CuKα radiation (λ = 1.54051 Å).
The reflected intensities were recorded as a func-
tion of the scattering angle (2θ). The size of the ori-
entation regions L was calculated by the Scherrer’s
formula (1) [18]:
(1)
where λ is the wavelength, θ is the position of the
peak and FWHM the width in the middle of the
peak.
2.2.3. Dynamic Mechanical thermal Analysis
(DMA)
A Polymer Laboratories dynamic mechanical ther-
mal analyzer MK III operating at a frequency of
10 Hz, a strain of 4× and a scanning rate of 2°C/min
was used. Measurements were performed from
FWHM·cos
9.0
θ
λ
=L
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Table 1. Typical values for the carbon black used
*oil absorption number
**oil absorption number on compressed sample
Iodine absorption [mg/g] 1075 ASTM D1510
CTAB surface area [m2/g] 600 ASTM D3765
OAN* ml/100 g 380 ASTM D2414
COAN** ml/100 g 370 ASTM D3493
Ash content [%] 0.3 ASTM D1506
Heating loss at packaging [%] 0.2 ASTM D1509
Sieve residue, 325 mesh [ppm] 20 ASTM D1514
Pour density [g/dm3] 130 ASTM D1513
room temperature up to 200°C and the resultant
changes in E ′, E″ and tanδ were plotted.
2.2.4. Differential Scanning Calorimetry (DSC)
A Perkin Elmer Differential Scanning Calorimeter
(Pyris 6, DSC) was used under nitrogen atmos-
phere. The measurements were performed from
room temperature to 200°C at a programmed heat-
ing rate of 20°C/min.
2.2.5. Dielectric measurements
With DRS analysis, the complex dielectric permit-
tivity (ε* = ε′ – iε″, where ε′ is the dielectric con-
stant and ε″ is the dielectric loss) is measured as a
function of frequency (10–2–106 Hz) and tempera-
ture (from –150 to 200°C) [19–22]. An Alpha
Analyser, in combination with a Quatro Cryosys-
tem (Novocontrol, Germany), was used. Each sam-
ple was clamped between gold-plated, stainless
steel electrodes in a Novocontrol dielectric cell. By
measuring the complex impedance (Z* = Z ′ – iZ ″)
of the circuit, the complex permittivity (ε* = ε′ – iε″)
arises from Equation (2):
(2)
where ω is the angular frequency (ω = 2πf) of the
applied electric field and C0 the equivalent capaci-
tance of the free space.
2.2.6. Conductivity measurements
Using the complex permittivity data, the frequency-
dependent ac electrical conductivity (real part, σ) is
obtained from Equation (3):
(3)
where ε0= 8.85·10–12 F·m–1 is the permittivity of
free space.
3. Results and discussion
3.1. Morphological characterization
The WAXD spectra are shown in Figure 1. Epoxy
nanocomposites were completely amorphous show-
ing an amorphous halo at 19° of 2θ which is inde-
pendent in position and magnitude from the filler
content. This broad peak is probably attributed to
the formation of small clusters with some molecu-
lar orientation [18], the size of which is calculated
from the Scherrer’s formula (Equation (1)) to be
about 8 Å. These regions of molecular order are
consistent with the close alignment of the epoxy
elements of the matrix which occurs when the
bisphenol groups are able to close pack.
3.2. Mechanical properties
In the DGEBA/TETA/CB system, the components
of the dynamic modulus and Tg are examined in
two distinguished curing conditions (a: 60°C for
20 h stage 1 and b: 150°C for 2 h stage 2) as a func-
tion of the filler content.
Typical traces for the DMA of the unfilled resin
and filled composites cured at 60 and 150°C are
presented in Figures 2–5.
0·"· εωε=σ
0
*
*
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1
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Figure 1. Wide angle X-ray diffraction patterns of
DGEBA/TETA/CB nanocomposites
Figure 2. DMA spectra: E′ as a function of temperature at
frequency of 10 Hz. Curing conditions: 60°C,
20 h (non post-cured)
As it is clearly shown, E′ is slightly affected by the
filler content in the glassy state and increases sig-
nificantly in the rubbery one. The Tg, which was
determined as the temperature of tanδ peak,
increases with the curing temperature (for the pure
epoxy Tg increases from 101°C up to the ultimate
post-curing value of 131°C) due to further
crosslinking of unreacted epoxy with the TETA
amine groups. Also an additional relaxation is
observed in the partially cured nanocomposites
which will be discussed later.
Raw data of tanδ for the pure resin and the nano-
composite with 0.5% CB content at subzero tem-
peratures are shown in Figure 6. There is a small
peak in tanδ at about –55°C which corresponds to
the secondary β-relaxation [23–25]. This peak
shifts to higher temperatures (around –40°C) in the
nanocomposite. Such a behavior is in agreement
with dielectric relaxation spectroscopy results
which are presented below and perhaps is an evi-
dence for different curing procedure in the pure
epoxy and in the nanocomposites.
3.3. Effect of curing procedure and filler
content on Tg
The Tg dependence on the CB-content is presented
in Figure 7 for the two distinctly different curing
conditions (60°C, 20 h and 150°C, 2 h).
In both cases, at low filler contents, Tg increases up
to a maximum value (at about 0.7% w/w) of filler
content, and afterwards decreases. This dependence
is similar in both groups of samples (before and
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Figure 3. DMA spectra: E″ as a function of temperature at
frequency of 10 Hz. Curing conditions: 60°C,
20 h (non post-cured)
Figure 5. DMA spectra : E″ as a function of temperature
at frequency 10 Hz. Curing conditions: 60°C,
20 h and 150°C, 2 h (post-cured)
Figure 6. Low temperature DMA spectra: tanδ as a func-
tion of temperature at frequency 10 Hz for pure
resin and resin nanocomposite with 0.5% w/w
CB
Figure 4. DMA spectra: E′ as a function of temperature at
frequency of 10 Hz. Curing conditions: 60°C,
20 h and 150°C, 2 h (post-cured)
after post-curing) and is confirmed also by DSC
measurements. In Table 2 the glass transition tem-
peratures for sub(Tgs)- and post(Tgp)-cured states
and the difference Tgp – Tgs are presented.
This unexpected behavior shows a remarkable dif-
ference with the predictions of the statistical theory
available for randomly dispersed and distributed
fillers. A similar behaviour was observed in
poly(vinyl alcohol)/clay nanocomposites [26]. It
can be qualitatively explained by the coexistence of
the two mechanisms (namely interfacial constrains
and free volume increase [20]) which can be
responsible for the Tg shifting. In any nanocompos-
ite the two mechanisms are in dynamic equilibrium.
The equilibrium point depends on many factors
(filler’s amount, size, etc.) and in that way it ana-
logically affects the Tg.
According to the first mechanism, a short-range,
highly immobilized layer of a few nm thick is
developed near the surface of the fillers. In this
interaction region of the polymer layer surrounding
the particles, the conformational entropy and the
chains kinetics are significantly altered. As the
filler content increases the volume fraction of the
interaction region in the nanocomposites increases
too. The polymer chains in this region are under
constrain because of the interfacial polymer-parti-
cle interactions and therefore Tg of the nanocom-
posites has been shifted to higher temperatures.
Based on the concept of free volume, the increase
of the filler content increases the free volume due to
loosened molecular packing of the chains. This
extra created free volume assists the large-scale
segmental motion of the polymer. As a result, Tg of
the nanocomposites decreases as the filler loading
increases.
In our case, at low filler content the first mecha-
nism (interfacial constrains) dominates and there-
fore contributes to a Tg increase with the filler
loading. After a certain amount of filler (0.7% w/w)
the second mechanism (free volume increase) stars
to be dominant and the Tg decreases with the filler
content.
This inversion in the domination of the mecha-
nisms which are responsible to Tg shifting could be
explained as a consequence of a transition of the
filler arrangement within the matrix. The critical
value of CB content separates, in fact, a dispersed
and an agglomerated state and can therefore not be
compared with the one obtained through a purely
random geometrical process. The CB particles have
permanent electrical charges at their surfaces,
which are probably responsible for this morpholog-
ical structure.
3.4. The new sub-Tg
As it is clearly shown in Figures 2 to 5 an addi-
tional relaxation is observed (a peak below and
close to Tg and in the same temperature as for the
pure resin) in the partially cured nanocomposites.
This indicates the existence of two crosslinking
mechanisms which act in these stages of curing.
The first mechanism is caused by the reaction of the
crosslink agent with the epoxy groups and the sec-
ond one appears as a result of the filler’s effect on
the curing reaction, giving in that way the domi-
nated α-relaxation.
The presence of this new relaxation in the sub-
cured samples (60°C curing temperature) indicates
that a formation of a resin-filler interphase takes
place just before the full curing procedure is com-
pleted.
The development of short-range, highly immobi-
lized layer near the surface of the filler with a thick-
ness of about 2 nm has been reported in these
systems [5–7]. In this interaction region of the
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Figure 7. The dependence of Tg as a function of filler con-
tent at curing conditions (stage 1): 60°C, 20 h
and (stage 2): 60°C for 20 h plus 150°C, 2 h
Table 2. Glass transition Temperatures for sub(Tgs)- and
post(Tgp)-cured states
Filler content [wt%] 0.0 0.05 0.1 0.5 0.7 1.0 2.0
Tgs [°C] 102 110 115 160 142 137 124
Tgp [°C] 132 136 137 169 154 149 145
ΔTg [°C] 30 26 22 9 12 17 21
polymer layer which surrounds the particles, the
conformational entropy and chain kinetics are sig-
nificantly altered [5]. Due to the small size of the
filler particle, the filler-matrix interphase is rapidly
increased with filler content. This becomes the
basis for potentially remarkable changes in the
nanocomposite properties. In the post-cured com-
posites the crosslink density increases tremen-
dously, the interphase region reduces significantly
and the sub-Tg relaxation disappears. Perhaps this
could be attributed to the incorporation of the loose
chains into the network.
3.5. The DRS and conductivity measurements
Molded samples of the DGEBA/TETA/CB system
cured at 60°C for 20 h (non post-cured) were used
for dielectric measurements. The samples were
scanned in the DRS at room temperature in the fre-
quency region from 10–2 to 106 Hz. The data were
analyzed in terms of real part of dielectric permit-
tivity (constant) ε′, imaginary part of dielectric per-
mittivity (dielectric loss) ε″ and ac electrical
conductivity σ. At low filler content, below
1% w/w, ε′(f) increases moderately in the compos-
ites with respect to the pure matrix (results shown
in the inset to Figure 8). It is interesting to note that
in this group of composites ε′ decreases systemati-
cally with increasing filler content. This decrease is
in very good agreement with the increase of the
glass transition temperature Tg with increasing
filler content in Table 2. Bearing in mind that ε′(f)
reflects the ability of molecular dipoles connected
with the polymer chains for reorientation in the
applied electric field, i.e. molecular mobility [27],
these results can be understood as follows. With
increasing filler content, molecular mobility in the
composites decreases as a result of polymer-filler
interactions. The decrease of molecular mobility is
reflected as an increase of Tg in DSC and DMA
measurements and as a concomitant decrease of
ε′(f) in DRS measurements. This explanation does
not apply for the pure matrix, which exhibits the
lowest ε′(f) values and at the same time the lowest
Tg (Table 2). Similar to other results reported
above, by comparing data for the pure matrix with
those for the composites we should keep in mind
that curing in the composites occurs in the presence
of the filler, i.e. curing conditions are different in
the two cases. At higher filler contents, starting
with 1%, a significant increase of ε′(f) is observed
in Figure 8. The origin of that increase will be dis-
cussed in relation to ε″(f).
Experimental data of the imaginary part of the
dielectric constant ε″ vs. frequency at room temper-
ature are shown in Figure 9. In the first group of
samples (pure matrix and composites with less than
1% CB) a relaxation (loss peak) is observed at
about 105 Hz. Comparison with data in the litera-
ture indicates that this is the β-relaxation attributed
to the crankshaft rotation of the hydroxyether group
[–CH2–CH(OH)–CH2–O–] generated by the reac-
tion between epoxide and amino groups [2, 7, 16].
In the second group of composites, those with
higher filler content, starting with 1%, an overall
and significant increase of ε″(f) is observed. As a
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Figure 8. Real part of the dielectric permittivity (ε′) versus
frequency f at room temperature for the samples
indicated on the plot. The inset shows details for
the samples with low filler content
Figure 9. Imaginary part of the dielectric permittivity (ε″)
versus frequency f at room temperature for the
samples indicated on the plot
result, the β-relaxation is masked and can no more
be followed. Please note the high values of ε′(f) for
the same group of composites in Figure 8. In agree-
ment with data reported for similar systems in the
literature [7, 16], the large increase of both ε′(f) in
Figure 8 and ε″(f) in Figure 9 is to a large extent
related to the formation of a percolation structure of
the nanoparticles, as confirmed by conductivity
data in Figure 10 to be discussed later. Please note
that the percolation structure, related with the for-
mation of agglomerates in the bulk composite, is
reflected also in the CB content dependence of the
glass transition temperature Tg discussed in Sec-
tion 3.3.
In addition to the overall increase of ε′(f) and ε″(f)
in the composites with high CB content, a broad
and complex relaxation is observed between 1 and
100 Hz for the sample with 1% CB content, which
is shifted to higher frequencies at higher CB con-
tent. We think that this is Maxwell–Wagner–Sillars
(MWS) relaxation, associated with the formation of
agglomerates of CB [16]. It is reasonable to assume
a broad distribution of size and conductivity of
these agglomerates, which give rise to the broad
and complex MWS relaxation observed. It is inter-
esting to note that, as pointed out by one of the ref-
erees, ε′(f) goes to saturation at low frequencies for
the sample with 1% CB, this result providing sup-
port for the attribution of the relaxation to MWS
polarization. The same is true for the samples with
higher CB content. The further increase of ε′(f) in
these samples at even lower frequencies is attrib-
uted to space charge polarization [28].
Figures 10 and 11 show results for the electrical ac
conductivity σ calculated from the measured
dielectric loss ε′(f) by using Equation (3). A typical
dielectric behavior is observed below 1% CB (con-
ductivity increases linearly with the frequency). At
higher CB contents conductivity increases signifi-
cantly and plateau values are observed at low fre-
quencies for the composites with 1.5 and 2% CB. In
consistency with the dielectric data presented in
Figures 8 and 9 and discussed above, the large
increase of conductivity in these samples is attrib-
uted to the formation of a percolation structure.
Thus, the results suggest that in the system under
investigation the percolation threshold is between
1.0 and 1.5 wt% CB. A final comment refers to the
relatively low values of both the percolation thresh-
old and the dc conductivity of the composites under
investigation (dc conductivity 10–9 to 10–8 S/cm for
the composite with 2 wt% CB), as compared to
metal/polymer composites [29]. Please note, how-
ever, that similar values to those of the present
work were reported in the past and recently [30] for
various CB/polymer composites.
4. Conclusions
The dielectric and dynamic mechanical behaviour
of epoxy/carbon black composite was systemati-
cally investigated. WAXD patterns show the exis-
tence of small, about 8 Å in size, orientated regions
which are consistent with the close alignment of the
epoxy elements of the matrix which occurs when
the bis phenol groups are able to close pack.
The dependence of Tg on the filler content shows a
peculiar behaviour. An increase up to a maximum,
corresponding to about 0.7% w/w of CB, followed
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Figure 10. Electical conductivity (σ) versus frequency f at
room temperature for the samples indicated on
the plot
Figure 11. Electrical conductivity (σ) as a function of
nanoparticle content at different frequencies
indicated on the plot. The lines are guides for
the eye
by a decrease, with the appearance of a new relax-
ation below and close to Tg in the sub-cured sam-
ples is observed. The shift of the β-relaxation
(associated to the crankshaft rotation of the hydrox-
yether group) to higher temperature is an evidence
for different curing between the pure epoxy and the
nanocomposites.
The increase of the high temperature modulus (rub-
bery state) as the filler content increases indicates
that the CB acts as classical filler and that the poly-
mer interacts with the filler particles. The lack of
significant increase in the low temperature modulus
(glassy state) with the filler content is unexpected.
This partially could be attributed to high degree of
crosslink density of the matrix which covers the
filler contribution.
The low dielectric constant below the filler content
of 1% w/w indicates clearly that no cluster forma-
tion takes place and this filler content separates, in
fact, the dispersed and the agglomerated state of
nanoparticles.
A correlation between conductivity and glass tran-
sition behavior in epoxy resin based nanocompos-
ites is observed.
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